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University of Warsaw, Warsaw, PolandABSTRACT Molecular dynamics simulations supplement single-molecule pulling experiments by providing the possibility of
examining the full free energy landscape using many coordinates. Here, we use an all-atom structure-based model to study
the force and temperature dependence of the unfolding of the protein filamin by applying force at both termini. The unfolding
time-force relation t(F) indicates that the force-induced unfolding behavior of filamin can be characterized into three regimes:
barrier-limited low- and intermediate-force regimes, and a barrierless high-force regime. Slope changes of t(F) separate the
three regimes. We show that the behavior of t(F) can be understood from a two-dimensional free energy landscape projected
onto the extension X and the fraction of native contacts Q. In the low-force regime, the unfolding rate is roughly force-indepen-
dent due to the small (even negative) separation in X between the native ensemble and transition state ensemble (TSE). In the
intermediate-force regime, force sufficiently separates the TSE from the native ensemble such that t(F) roughly follows an expo-
nential relation. This regime is typically explored by pulling experiments. While Xmay fail to resolve the TSE due to overlap with
the unfolded ensemble just below the folding temperature, the overlap is minimal at lower temperatures where experiments are
likely to be conducted. The TSE becomes increasingly structured with force, whereas the average order of structural events dur-
ing unfolding remains roughly unchanged. The high-force regime is characterized by barrierless unfolding, and the unfolding
time approaches a limit of ~10 ms for the highest forces we studied. Finally, a combination of X and Q is shown to be a good
reaction coordinate for almost the entire force range.INTRODUCTIONSingle-molecule experiments are powerful tools for
exploring details of biomolecular energy landscapes that
are hidden at the ensemble level. Single-molecule force
spectroscopy traps a biomolecule in an experimental appa-
ratus, e.g., an atomic force microscope or optical tweezers,
that is able to exert forces and measure subnanometer dis-
placements. In the context of protein folding, these experi-
ments allow the characterization of the folding dynamics
along the one-dimensional pulling direction ~X. For struc-
tural proteins that have mechanical functions in the body
like the muscle protein titin (1–3) and cytoskeletal protein
ddFLN (4–7), the experimental setup is highly similar to
the biological context in which these proteins function.
For example, titin is composed of hundreds of fibronectin
and immunoglobulin domains connected in tandem at their
termini that are repeatedly stretched and relaxed during
muscular activity. Because these proteins have energy land-
scapes that have evolved to respond to forces, force spec-
troscopy with probes connected at the termini, able to
monitor the end-to-end distance, is well suited for studying
the behavior of those landscapes.
Theoretical treatments of force spectroscopy data explain
how to extract the parameters describing the intrinsic (i.e. un-
der zero force) one-dimensional energy landscape along theSubmitted July 14, 2014, and accepted for publication October 15, 2014.
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0006-3495/14/12/2950/12 $2.00extension X, the distance between the protein’s termini (end-
to-end distance) projected onto the pulling direction. Fitting
experimental force-dependent unfolding rates gives the free
energy barrier height DG0
z, the distance DX0
z to the barrier,
and the unfolding time t0 (8,9). This extrapolation to zero
force assumes that not only is X a meaningful reaction coor-
dinate at zero force, but also at the various intermediate
forces used to obtain the data. It is complicated by the fact
that X is often a poor representation of the intrinsically
high-dimensional energy landscape (10,11). Until the force
is sufficiently large, the pulling in general has very little ef-
fect on the reaction coordinate (12). The funneled nature of
a protein’s energy landscape means that the dominant en-
ergies that guide a protein to fold quickly are correlated
with the structure of the protein (13–15). Therefore, the nat-
ural reaction coordinate is a collective structural coordinate,
such as the fraction of native contacts formedQ. Because the
same energy landscape is shared between folding and func-
tion, it is an intriguing question how Q and X are related for
proteins whose function is to respond to mechanical force.
Also of interest is whether the relationship changes under
different levels of force.
Proteinmodels that capture folding dynamics on perfectly-
funneled energy landscapes are called structure-based
models (SBM), which have been widely used to study the
force-induced unfolding of proteins (16–22). Native-biased
landscapes are particularly well suited for these studies inas-
much as a protein starts in the native configuration and anyhttp://dx.doi.org/10.1016/j.bpj.2014.10.021
Free Energy Landscape under Force 2951complications due to nonnative interactions are avoided
because the tension prevents unfolded regions from interact-
ing. The general result from these studies is that, as in protein
folding, native topology plays a primary role in determining
the force-induced unfolding behavior of proteins. Molecular
models used to investigate the dynamic effects of force on
molecular structure are usually coarse-grained to reach bio-
logically relevant timescales, but high-resolution modelsVSBM ¼
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(1)have also been used (23,24). Higher resolution is of interest
for systems where biomolecular interactions are modulated
by force, because the detailed packing around the ligand
determines affinity. Here, we investigate an intermediate res-
olution model, an all-heavy-atom SBM, because we antici-
pate its application towards systems such as the talin/
vinculin cytoskeletal force sensor (25–28).
We study the folding and unfolding of ddFLN4, the fourth
of six all-b immunoglobulin-like domains of an F-actin
cross-linker filamin, under the presence of various levels
of force. The entire range of forced unfolding time can be
partitioned into three force regimes: low, intermediate, and
high. Using a two-dimensional free energy landscape pro-
jected onto X and Q, we make connections between unfold-
ing kinetics and the underlying thermodynamics. In the
low-force regime, X is a poor reaction coordinate and the
unfolding rate is insensitive to force. There is an intermedi-
ate-force regime where the unfolding becomes directed
along X and the unfolding rate depends roughly exponen-
tially on force. Finally, at sufficiently high force, the protein
unfolding becomes downhill as the free energy barrier
vanishes. Here, the unfolding time decreases with increasing
force, but much more slowly than in the intermediate-
force regime. The unfolding transition state ensemble
(TSE) becomes increasingly structured with increasing
force, although the average order of events during unfolding
remains roughly the same. Lowering the temperature causes
the unfolding mechanism to be more polarized due to the
emergence of intermediate states.METHODS
Structure-based model
Structure-based models (SBM) define a low free energy structure, e.g., pro-
tein structures captured by x-ray crystallography or NMR, as an explicit en-ergetic minimum (29,30). All heavy (nonhydrogen) atoms are included and
each atom is represented as a single bead of unit mass. Bond lengths, bond
angles, improper dihedrals, and planar dihedrals are maintained by har-
monic potentials, and torsional potentials are weakly biased to the native
configuration. Nonbonded atom pairs that are in contact in the native state
are given an attractive Lennard-Jones potential. All other pairwise interac-
tions are repulsive and maintain excluded volume. The native contact pairs
are defined by the Shadow algorithm (31) using a 6 A˚ cutoff and 1 A˚ atomic
radius. The functional form of the potential iswhere FD is a traditional dihedral potential
FDðfÞ ¼ ½1 cosðfÞ þ 1=2½1 cosð3fÞ:
The superscript 0 signifies the value in the native structure (NMR structure
with PDB:1KSR), and e r ¼ 100e, eq ¼ 20e, ec ¼ 10e, e NC ¼ e, and rNC ¼
1.7 A˚, where e is the reduced energy unit. The values eBB, eSC, and eC are
scaled so that kBTF z e. Here, the folding temperature TF is defined as
the peak in the heat capacity CV in the inset of Fig. 1 B. Additional details
of the all-atom SBM used here can be found elsewhere (32).Simulation details
Molecular-dynamics simulations were performed using the GROMACS 4.5
software package (33). The GROMACS source code was modified to
include an umbrella potential along Q, the fraction of native contacts
formed; no further modifications were necessary. The GROMACS topology
files were generated with the SMOG webserver, Ver. 1.2 (34). Reduced
units were used. The time step was 0.0025. Temperature was controlled
through stochastic dynamics with a friction coefficient of 1 (see further dis-
cussion of the underdamped friction in the next section).
Constant force pulling
Simulations of pulling often directly model the nonequilibrium constant ve-
locity pulling experiments. Here, we were interested in the equilibrium
properties and therefore perturbed the landscape with a constant force
(this is also possible experimentally (35)). A constant force ~F applied at
the terminal residues modulated the free energy landscape via a potential
energy that can be introduced into the SBM Hamiltonian,
Vpulling ¼ VSBM ~F ,~X; (2)
where~X is defined as the vector between the centers of mass of the terminal
residues, and VSBM is defined in Eq. 1. The pulling force was distributedequally among each atom in the terminal residues.
The kinetic unfolding rate at a particular temperature and applied force
was estimated from 50 independent trajectories initiated at the native struc-
ture. First-passage time to unfold was determined by setting a cutoff at a
protein extension X of 8 nm. Because the native ensemble has an extension
of ~5 nm, but the unfolded ensemble can have a force-dependent extension
ranging from 10 to >30 nm (see Fig. S1 in the Supporting Material), we
chose 8 nm as a cutoff for consistent treatment at all temperatures andBiophysical Journal 107(12) 2950–2961
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FIGURE 1 Structure and thermodynamics of ddFLN4, an immunoglob-
ulin-like domain of filamin. (A) NMR structure of ddFLN4. Its seven b-
strands are numbered from A (N-terminus) to G (C-terminus). (Orange)
Strands A and B, (cyan) C–F, and (blue) G. These seven strands form
two b-sheets: A-B-E-D, and C-F-G. (B) Two-dimensional free energy land-
scape projected onto Q and D (end-to-end distance) at 0.99TF, in the
absence of force. The transition state has smaller end-to-end distance
than the native state. The native ensemble (high Q) and unfolded ensemble
(low Q) overlap significantly in D, but are well distinguished by Q. (Inset)
Heat capacity shows ddFLN4 is a cooperative two-state folding protein in
the absence of force. To see this figure in color, go online.
2952 Sun et al.forces. Another cutoff extension, 25 nm, was used to study the effect of
cutoff choice on the first-passage time. The first-passage (unfolding) time
distribution was modeled as a stochastic barrier crossing with rate a, and
a deterministic downhill process after exiting the native basin, which takes
time t0.
Thus, the unfolding times for the same force and temperature were fitted
to the survival probability S(t) ¼ exp(a(t  t0)) for t > t0, giving an
average unfolding time of t0 þ 1/a. We will show that when the unfolding
barrier is high, 1/a >> t0, and when the unfolding is downhill, 1/a ~ t0 or
even <t0; also, the choice of cutoff has little effect on 1/a but affects t0. We
note that for F ¼ 0 pN, Q instead of X was monitored to determine the first-
passage time and only 1/a was included. Although there is no theoretical
justification for the exponential model when the unfolding barrier vanishes,
the model fits well at all forces. Example fits at low and high forces are
shown in Fig. S2.
Because we were deriving kinetic quantities from underdamped simula-
tions, a brief discussion of diffusion rates is warranted. We used a typical
(i.e., used in explicit-solvent simulations) friction coefficient g in the Lan-
gevin thermostat, which is ~100 times weaker than water. The slowest time-
scales of the protein should be captured by Q(t), the fraction of native
contacts formed as a function of time. The dominance of diffusive behaviorBiophysical Journal 107(12) 2950–2961can be shown by comparing the relaxation time in Q(t) to the barrier
crossing times. The Q autocorrelation function
CQðtÞ ¼

Qð0Þ  QQðtÞ  Q	
in the native basin at 0.99TF and 20 pN can be well fitted by the double-
exponential function
CQðtÞ ¼ 0:44 expðgt=2:2Þ þ 0:56 expðgt=41Þ:
The unfolding barrier-crossing time is 1/a >> 41/g in the low- and inter-mediate-force regimes at all temperatures studied (even at the critical force
70 pN at 0.99TF, 1/a ¼ 150/g), although 1/a can become smaller than 41/g
beyond some point in the high-force (barrierless) regime, e.g., F > 100 pN
at 0.99TF and F > 155 pN at 0.88TF), in which case the protein does not
thermalize completely before it unfolds. We also tested how t0 and 1/a
depend on the friction coefficient g by performing a simulation using ghigh
¼ 100g at 0.99TF and 60 pN. We found that t0 and 1/a increased by 83 and
77 times, respectively. This indicates the barrier-limited unfolding time 1/a
and the downhill unfolding time t0 should scale roughly in the same way as
friction changes, and hence their relative magnitude should be independent
of the choice of g.
Free energy profiles
At 0.99TF, even at low levels of force (z10 pN) the free energy minimum is
already in the completely extended state. To fully sample the configuration
space, an additional umbrella potential that encourages compact states must
be introduced. To gain a full picture of the folding landscape, we employed
umbrella sampling over Q, the fraction of native contacts formed. The form
of the potential was V ¼ 1/2k(Q – Q0)2 (36), where Q0 spanned values be-
tween 0 and 1, fully unfolded to fully folded. The reweighted free energy
was then calculated using the weighted histogram analysis method (37).
Free energy profiles of forces 5, 10, 15, and 20 pN were obtained from
entirely independent sets of umbrella simulations at 0.99TF. Free energy
profiles for higher forces were generated by combining umbrella sampling
data at 0.99TF and at forces 15, 20, 40, 60, and 75 pN. Free energy profiles
at 0 pN force were obtained by sampling simulations at several tempera-
tures at ~TF without the umbrella potential.
Estimating real force from reduced units
With this model we aimed to characterize the thermodynamic properties of
force on the protein. Therefore, energy is the most relevant quantity to
match to experimental values. The force becomes an energy when multi-
plied by a displacement ~F,~X, and a convenient unit for molecular systems
is pN , nm. An energy scale that has been experimentally characterized for
titin immunoglobulin-like domains is the folding temperature TF
exp of 330
K (38). Thus, we can match the folding temperature from the simulation
with 330 K to get an estimate of the energy scale along with the force scale
in the simulation. KBTF
exp ¼ 4.59 pN,nm, kBTFsim ¼ 0.92 e, where e is the
reduced energy unit. If we measure our simulated distances in nanometers,
then the reduced force unit F satisfies 4.59 pN , nm ¼ 0.92 F,nm or F ¼
5.0 pN. Therefore, for ddFLN, a reduced force unit e/nm is treated as 5 pN.
This energy scaling argument has been used previously to calibrate the
scale of electrostatic energy in SBMs (39).Calibration of time using a leucine zipper
Because pulling experiments are inherently kinetic, understanding the time-
scale in simulations is very useful. Simplified models are necessary to reach
experimental timescales, but the simplifications in the Hamiltonian and
increased diffusion constant means that the models provide only effective
times. Although quantitative connections between the effective timescales
of simulation and experiments depend on the details of the system and
model, here we provide an estimate for mapping the timescale in our
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Free Energy Landscape under Force 2953all-atom SBM pulling simulations to the experimental timescale. Recent
experimental works (40,41) studied the unfolding/folding of a designed
leucine zipper LZ26 pulled at the ends by optical tweezers. There is no ter-
tiary structure beyond the coiled-coil in LZ26; it winds and unwinds as
force is applied.
The free energy landscape of LZ26 is dominated by four states: full
coiled-coil, fully extended, and two intermediate states. Experimental
data is available on the transition rates between these states as a function
of force (40). We compared the interconversion rates between the interme-
diate states at the midpoint force, where the stabilities of the two interme-
diates are equal, between the SBM and the experiment (see Section S1 and
Fig. S3 in the Supporting Material for details). The comparison suggests
that 107 time units in the simulation is equivalent to 1 s in the experiment.
Thus, we used the conversion of one reduced time unit ¼ 107 s or 100 ns
for this study. To put this in context with explicit solvent simulations, a
direct conversion of units gives one reduced time unit ¼ 2 ps. This means
the smoothened landscape and increased diffusion constant result in a
speedup factor ofz5  104.τ(F) 8 nm
t0
1 α
τ(F) 25 nm
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FIGURE 2 Force-dependent unfolding time (rupture time) t(F) can be
classified into three regimes. (A) Barrier-limited low-, intermediate-, and
barrierless high-force regimes are defined by forces FL and FH where
the slope changes. Low force: the unfolding time is roughly force-inde-
pendent. Intermediate force: the unfolding time decreases roughly expo-
nentially with force. High force: the barrierless unfolding time decreases
with force, but more slowly than below FH. (B) t(F) of ddFLN4 at
different temperatures, using cutoff extension 8 nm. (Solid lines) Fit to
Eq. 3 using the cusp landscape. The slight curvature is a hallmark of
the Hammond effect. At the high-force limit, the unfolding time is ~10
ms, which is near the protein folding speed limit for a 100-residue protein.
(C) Decomposition of the total unfolding time into the stochastic compo-
nent 1/a and the deterministic component t0 at 0.97TF. Two choices of the
cutoff extension, 8 and 25 nm, are used for comparison (the native
ensemble has an extension of ~5 nm). The choice of the cutoff only affects
the unfolding time in the barrierless regime, because it has little effect on
the stochastic component 1/a but greatly affects the deterministic compo-
nent t0. This further supports 1/a as a stochastic component and t0 as aRESULTS
DdFLN4 is domain 4 of the F-actin cross-linker filamin
from Dictyostelium discoideum. It is 100 residues in length
and consists of seven b-strands, ordered from A (N-termi-
nus) to G (C-terminus) (Fig. 1). Constant temperature sim-
ulations near the folding temperature TF indicate that
ddFLN4 folds in a two-state, cooperative manner (Fig. 1
B). Four temperatures <TF, i.e., 0.88, 0.94, 0.97, and
0.99TF, are chosen to investigate the interplay between tem-
perature and force on the unfolding landscape of ddFLN4.
Unfolding under force is similarly cooperative; once unfold-
ing starts, ddFLN4 undergoes a rapid transition in extension
X, where X is defined as the end-to-end distance D projected
onto the pulling direction (see Fig. S1).
The effect of force on ddFLN4 is modeled by a constant
force applied at the protein terminals. The average unfolding
time t decreases with increasing external force F, and three
different force regimes can be seen (Fig. 2 A). At low force,
t is insensitive to F because the unfolding is along Q. At
intermediate forces, the unfolding becomes sufficiently
directed alongX, such that t decreases roughly exponentially
with F. This is the typical force regime explored in pulling
experiments. At high forces, the force destabilization in the
transition state FDXz becomes greater than the free energy
barrier to unfoldingDGz and the protein unfolds in a downhill
fashion. Here, t decreases withF, butmore slowly than in the
barrier-limited regimes. The t(F) dependence is shown for
three colder temperatures (Fig. 2B). Kinetics in the low-force
regime can only be obtained near TF as unfolding times
become computationally inaccessible at lower T.deterministic component. The cutoff 25 nm is slightly below the fully
extended chain length for all the forces studied at this temperature, so it
should give a better measure of the total unfolding time. Using this cutoff,
the lines of t0 and 1/a cross at FH ¼ 80 pN. Note that 1/a >> t0 in the
barrier-limited regimes, and 1/a < t0 in the barrierless regime. To see
this figure in color, go online.Low force: Q regime
The insensitivity of the protein’s unfolding rate at low force
can be well understood by considering the free energy
landscape projected onto Q and the end-to-end distance D
at zero force (Fig. 1 B). Here D is used instead of X because
X is ill-defined at zero force. By symmetry, the ensembleBiophysical Journal 107(12) 2950–2961
2954 Sun et al.average ofXwould be zero. The two-dimensional free energy
profile in Fig. 1 B indicates that D is a poor reaction coordi-
nate for differentiating the TSE from either the folded or
unfolded basins.D can still be a useful coordinate to differen-
tiate the folded basin from the unfolded basin if time aver-
aging is performed, because the average D is sufficiently
different between the basins. The distance from the native
state to the transition state DDz is zero or even slightly nega-
tive. This counterintuitive result occurs for ddFLN4 because
the N- and C-termini are already quite distant in the native
state (4.1 nm). Therefore, the insensitivity of t at low force
can be viewed as an entropic resistance to stretching. This ef-
fect is also seen in simulations of ubiquitin (10) and proteinG
(11,42). In a lattice model, this effect can actually stabilize
the protein at low force (12). In ddFLN4, very little force is
needed to overcome this resistance: the native basin and the
TSE begin to separate already at 10 pN (Fig. 3). Based on
the rollover at FLz 15 pN in Fig. 2 A, forces of at least 15
pN at 0.99TF are necessary before t becomes exponentially
dependent on force. Interestingly, a similar low-force roll-
over can be derived for an ideal polymer chain model. Due
to the competing effects of force and entropic resistance,
the force required to accelerate elongation of the chain is pro-
portional to the initial end-to-end distance (see Section S2
and Fig. S4 in the Supporting Material for details).
The transition between the low- and intermediate-force
regimes can be visualized more quantitatively by plotting
as a function of force the distances DXz and DQz, i.e., the
distances along X and Q, respectively, between the nativeA
C
B
D
Biophysical Journal 107(12) 2950–2961state and the unfolding barrier (Fig. 4). DQz decreases
monotonically with increasing force, but DXz starts from
negative and increases with force until the force reaches
15 pN. The increase in DXz means the native state and the
transition state become more separated along X as force in-
creases from zero. It also indicates that unfolding becomes
increasingly directed along X. Thus, DQz follows a typical
Hammond behavior, whereas DXz initially displays anti-
Hammond behavior and then remains relatively constant.
The negative or small positive values of DXz help explain
the low-force rollover in unfolding rates, because, according
to the classic Bell model (43), the force should modulate the
unfolding barrier as FDXz.Intermediate force: barrier-limited regime
Beyond a critical force FL (~15 pN at 0.99TF), the unfolding
landscape is sufficiently directed along X (Fig. 3C) such that
t decreases roughly exponentially with increasing force
(Fig. 2 B). Decreasing the temperature stabilizes the folded
protein, which requires greater force to unfold, or—equiva-
lently—t increases with decreasing temperature. The expo-
nential dependence of t with force is maintained as
temperature is varied. A slight curvature in t(F) can be
seen, which causes the slope of t(F) to decrease slowly
with force, meaning that force has a lessened effect on t as
force is increased. This Hammond behavior is caused by a
decreasing separation between the folded basin and the
TSE as the folded basin is destabilized by increasing force.FIGURE 3 Two-dimensional free energy pro-
files of ddFLN4 projected along Q and X at
0.99TF. The force range spans the low-force regime
and the beginning of the intermediate-force
regime. This force range is within the force range
of optical tweezers. The unfolding pathway start-
ing from the native basin to the unfolding barrier
becomes increasingly directed along þX. The
native basin becomes less and less extended in X
with increasing force because higher forces sup-
press rotational fluctuations. To see this figure in
color, go online.
A B
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FIGURE 4 Landscape parameters change with
force at 0.99TF. Native-to-barrier distance (A)
DXz along X, and (B) DQz along Q computed
from two-dimensional free energy profiles. Here,
the native position is the lowest free energy point
in the native basin, and the barrier is defined by
the free energy saddle point along the unfolding
pathway. Due to finite bin size, DXz is in steps
of 0.2 nm and DQz is in steps of 0.02. As a special
case, for F ¼ 0 pN, the end-to-end distance D
instead of extension X is used. DQz monotonically
decreases with force, which is a typical Hammond
behavior. DXz starts from negative at F ¼ 0 pN
and increases with force until it reaches its
maximum at F ¼ 15 pN. After that, DXz is almost
insensitive to force. The small or even negative
DXz at small forces is related to the roughly
force-independent unfolding rates in the low-force
regime. (C) Force changes the positions of the
native basin (solid lines) and the unfolding barrier
(dashed lines) on two-dimensional free energy
profiles. When the force increases, the native ba-
sin shifts to higher X and lower Q, whereas the barrier shifts to higher X and higher Q. (D) Barrier height DGz along Q (for 0pN and 5 pN) or X –
15Q (for the rest) decreases with force in a way similar to t(F). To see this figure in color, go online.
Free Energy Landscape under Force 2955Force changes the location of both the barrier and the
native basin as seen in Fig. 4 C for 0.99TF. The native basin
and the barrier both move toward þX as force increases,
although their separation DXz stays roughly constant. On
the contrary, DQz decreases with force because the native
basin moves in Q at the same time the barrier moves
in þQ. The large shift in the Q position of the barrier,
from Q ¼ 0.33 at 0 pN to Q ¼ 0.61 at 55 pN, means
that the structural content of the TSE radically changes
as force is varied. At Q ¼ 0.33, strands A and G are mostly
detached from the rest of the protein, whereas at Q ¼ 0.61,
all the strands are still formed (Fig. 5 and see Fig. S8).
Interestingly, shifting the position of the TSE does not
change the unfolding mechanism, i.e., the order of
structural events during unfolding is robust to force for
ddFLN4.A BExtrapolating kinetic data to zero force
A kinetic model of force-dependent unfolding times t(F)
that simultaneously considers the motion of the TSE and
barrier height has been proposed by Dudko et al. (8,9),
tðFÞ ¼ t0
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Fitting kinetic data to this equation allows one to attempt to
extract the average unfolding time t0, free energy barrier
height DG0
z, and the distance to the transition state
ensemble DX0
z in the absence of force. Equation 3 veryFIGURE 5 Interstrand contacts Qinter versus
overall contact Q from kinetic simulations at
0.99TF. (A) Under zero force. (B) Under 65-pN
force. Each panel is averaged over 50 trajectories.
Force has little effect in changing the order of
structural events during unfolding. (Vertical
dashed lines) Position of the TSE at (A) Q ¼
0.33 and (B) Q z 0.61. The structural content of
the TSE is totally different due to the movement
of the TSE in Q. To see this figure in color, go
online.
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2956 Sun et al.closely fits the data in the intermediate-force regime
and Table 1 summarizes the parameters extracted from
the fit. We find that the simulation at 0.97TF com-
pares most favorably with the experimentally derived pa-
rameters (9).
Considering the full range of t(F) highlights two caveats
on the application of Eq. 3: 1), this analysis overestimates
DG0
z and DX0
z if there is a low-force rollover in t due to
X being a poor reaction coordinate; and 2), the outputs of
the fit change if data beyond the barrier-limited regimes is
included. This makes sense because Eq. 3 is derived from
a Kramers formalism that assumes a rate-limiting free en-
ergy barrier and thus should fail to describe the barrierless
behavior. Nevertheless, because the curvature into the bar-
rierless regime follows a similar curvature to the Hammond
effect, Eq. 3 can be used to obtain a close fit even when
including the barrierless regime, e.g., from 30 to 125 pN
at 0.97TF.
The extra points diminish t0, DG0
z, and DX0
z at the same
time (see Fig. S5). Because of the rollover at low forces, this
means that including barrierless points actually makes the
extracted parameters better agree with the zero force
behavior, although for the wrong reasons. We point this
out because, experimentally, it may not be obvious when
the barrierless regime is reached; however, it is probably
safe to assume there is a barrier if the unfolding times are
>>10 ms, because the lower limit of unfolding time in the
intermediate-force regime is between 10 and 100 ms. On
the other hand, including too few points makes the fit unpre-
dictable (see Fig. S5).High force: barrierless regime
Beyond a critical force FH, t(F) decreases in slope, meaning
that the unfolding rate becomes less sensitive to force. In ourTABLE 1 Zero force parameters extracted from simulations
and experiments
Parameter 0.88TF 0.94TF 0.97TF 0.99TF Experiment
t0 [s] (cusp) 1.6  109 2.0  105 2.8  102 1.1 1.2  102
t0 [s] (linear-
cubic)
2.4  107 8.3  103 9.9  101 7.0  101 2.1  102
DG0
z [kBT]
(cusp)
35 25 19 13 15
DG0
z [kBT]
(linear-cubic)
29 21 17 12 15
DX0
z [nm]
(cusp)
1.8 1.8 1.4 1.1 1.1
DX0
z [nm]
(linear-cubic)
1.3 1.3 1.2 1.0 1.1
Average unfolding time t0, free energy barrier heightDG0
z, and the distance
to the transition state ensemble DX0
z, are extracted by fitting the simulation
data in Fig. 2 to Eq. 3. Cusp or linear-cubic refers to two shapes for theG(X)
free energy surface that are analytically tractable. These parameters calcu-
lated directly from the zero force 0.99TF simulations are t0 ¼ 5.1  102 s
(Fig. 2 B), DG0
z ¼ 7.0 kBT (Fig. 4 D), and DX0z < 0 (Fig. 4 A). Experi-
mental values are from Dudko et al. (9).
Biophysical Journal 107(12) 2950–2961simulations, the total unfolding time consists of a determin-
istic component t0 and a stochastic component 1/a (see
Methods). These two components are plotted separately
versus force in Fig. 2 C for two choices of the cutoff exten-
sion, 8 and 25 nm. In the two previously discussed regimes
(i.e., low- and intermediate-force regimes), 1/a >> t0. At
approximately FH, the system enters a regime where 1/a <
t0 (using the 25-nm cutoff), indicating that the deterministic
component t0 starts to be dominant over the stochastic
component 1/a. Thus, we associate the rollover with a transi-
tion from a stochastic regime to a deterministic regime as the
unfolding barrier DGz goes to zero. Decreasing temperature
stabilizes the protein and thus shifts FH to higher force, but
leaves t(FH) roughly unchanged. At 0.99, 0.97, and 0.94TF,
FH is ~70, 80, and 95 pN, respectively. A similar rollover
has been seen in lattice simulations (12).
Inspection of the free energy landscape confirms that the
rollover force FH is related to the disappearance of the un-
folding barrier (Fig. 6). At 0.99TF, the barrier vanishes be-
tween F ¼ 50 and 70 pN. Beyond FH, the unfolding does
not immediately become sharply downhill; instead, what
was once the native basin becomes a flat plateau, which
smears the transition between regimes. Interestingly, the up-
hill unfolding at low and intermediate forces and the down-
hill unfolding at high forces share similar patterns in the
order of interstrand contact breaking (see Fig. S8).One-dimensional unfolding landscapes
The two-dimensional free energy profiles can be further pro-
jected onto one-dimensional coordinates that are extremely
useful for theoretical interpretation. For example, Eq. 3 was
derived assuming that the landscape can be adequately
described using the single coordinate X. The previously dis-
cussed three force regimes are evident in the one-dimen-
sional free energy profiles along X and Q (0.99 and
0.94TF shown in Fig. 7 and Fig. S7, respectively). Below
FL, DG
z along Q dominates; beyond FL, DG
z is roughly
equal along either X or Q; and beyond FH, neither coordi-
nate shows a barrier.
As force increases from zero, the landscape becomes
skewed along X in addition to Q. A more optimal one-
dimensional coordinate, X 15Q can be created by aligning
with the slope of the unfolding barrier on the two-dimen-
sional landscape (Fig. 6 A). This combined coordinate
shows an unfolding barrier that is higher than for either X
or Q, suggesting that it better discerns the TSE (Fig. 7 C).
Using this coordinate to define DGz(F) in Fig. 4 D gives
consistent results with t(F) (note that for 0 and 5 pN,
Q is used instead, because Q gives a higher barrier than
X  15Q at 5 pN and X  15Q is not well defined at
0 pN). So the optimal coordinate for unfolding gradually
shifts from Q to X  15Q, and stays aligned with X 
15Q even at forces larger than FH (Fig. 6). Interestingly,
although X is comparable with Q at 20 pN, the barrier along
AC D
B
FIGURE 6 Illustration of the transition from the
intermediate-force regime to the high-force regime
at 0.99TF. The unfolding pathway stays roughly un-
changed with increasing force (indicated by the
black arrow in panel A, the X – 15Q direction).
The native basin starts to vanish at F ¼ 70 pN.
When the native basin vanishes, it turns into a pla-
teaulike area. This deterministic regime can also be
explored experimentally (53). To see this figure in
color, go online.
Free Energy Landscape under Force 2957X vanishes totally at 40 pN, much sooner than along Q and
X  15Q (Fig. 7 C). This is because even at intermediate
force there is still a significant portion of the unfolded basin
that extends to nativelike values of X, as can be directly seen
from the two-dimensional free energy profiles. This overlap
lowers the barrier along X, and causes the barrier to vanish
sooner. The degree of overlap is reduced at 0.94TF (see
Fig. S6 versus Fig. 3), so the barriers along X and Q vanish
concomitantly (see Fig. S7).Intermediate states appear at lower temperatures
With our model, the kinetic unfolding is indistinguishable
from two-state kinetics at 0.99 and 0.97TF, but unfolding
at 0.94TF shows transient intermediate configurations
(Fig. 8). Two structurally distinct metastable intermediates,
I1 and I2, are seen on the free energy landscape at 0.94TF and20 pN (Fig. 8 B). Snapshots of the intermediates are shown
in Fig. 8 C. I1 has Xz 11 nm, Qz 0.4 with strands A andG
unfolded. I2 only breaks at the N-terminal, unfolding strands
A and B, with X z 14 nm, Q z 0.3. We did kinetic simu-
lations at 0.94TF to check the kinetic accessibility of the in-
termediate states. During unfolding simulations at 65 pN,
only I1 is visited, and it is only transiently stable. During
refolding simulations at 5 pN started from I1, there are inter-
conversions between I1, I2, and U (the unfolded ensemble).
In addition, N (the native ensemble) is accessible from both
I1 and I2. Fig. 8 A shows sample Q trajectories versus time
from these kinetic simulations. At 65 pN, the red traces
show a N / I1 / U unfolding transition. At 5 pN, the
green traces show a I1/ I2/U/ I2/ N refolding tran-
sition. The complete kinetic diagram is shown in Fig. 8 D.
The polarization in unfolding mechanism due to the
appearance of intermediate states at lower temperaturesBiophysical Journal 107(12) 2950–2961
A B C
FIGURE 7 One-dimensional free energy profiles along (A) X, and (B) Q at 0.99TF. Consistent with two-dimensional profiles, the barrier along Q vanishes
at ~F¼ 70 pN. The barrier along X vanishes much sooner, at ~F¼ 40 pN. (C) Comparison of barrier height along coordinates X, Q and X – 15Q, at forces 20
and 40 pN. At both forces, X – 15Q is likely a better coordinate because it has the higher barrier. To see this figure in color, go online.
2958 Sun et al.can be visualized when the fractions of interstrand contacts
are plotted versus the fraction of total contacts Q (see
Fig. S8). There are five interstrand interactions in ddFLN4:
A-B, B-E, and E-D from the first b-sheet, and C-F and F-G
from the second b-sheet. Fig. S8 indicates that the unfolding
mechanism of ddFLN4 is robust to both temperature and
force variation (i.e., A-B and F-G, then B-E and C-F, and
finally E-D). Because of the thermodynamic stabilization
of I1, the five interstrand-Q curves are more cooperative at
0.94TF than at 0.99TF. At 0.94TF, the breaking of interstrand
interactions B-E, C-F, and E-D does not begin until Q z
0.5, when the strands A and G are almost detached from
the rest of the protein.A B
C
Biophysical Journal 107(12) 2950–2961Comparison between experimental
characterization of ddFLN4 and the SBM
Fine-level, sequence-dependent variations occur in the ki-
netics of proteins with the same topology, the so-called
‘‘devilish details’’ of folding mechanisms (15). Experi-
mental characterization of ddFLN4 has shown an intermedi-
ate state in constant velocity pulling experiments (4,5) that,
through mutational analysis, has been identified as an
ensemble with strands A and B extended, similar to I2. How-
ever, the other five homologous domains of ddFLN1-6
showed no intermediates during constant velocity pull-
ing—behaving instead like the SBM of ddFLN4 presented
here. We note that constant velocity pulling simulationsD
FIGURE 8 Intermediate states at 0.94TF. (A)
Sample kinetic trajectories of Q versus time. (Red
traces) N / I1 / U unfolding transition at 65
pN. (Green traces) I1/ I2/ U/ I2/ N re-
folding transition at 5 pN. (B) Two-dimensional
free energy profile along X and Q, at force 20 pN.
The native state N, the unfolded stateU, and two in-
termediate states I1 and I2 are labeled. (C) Struc-
tures of the two intermediate states I1 and I2.
(Beads) Terminal residues. (Arrows) Force direc-
tions. (Orange) Strands A and B, (blue) strand G,
and (cyan) remainder of the protein. In I1, strands
A and G are unfolded, whereas in I2, the unfolded
portion is strands A and B. I2 is similar to the inter-
mediate state observed in pulling experiments. (D)
Interconversion of states from kinetic simulations.
(Black arrows) 5 pN; (red arrows) 65 pN. The
missing pathway is N/ I2. To see this figure in co-
lor, go online.
Free Energy Landscape under Force 2959of ddFLN4 with the SBM follow the same unfolding mech-
anism as the presented constant force simulations (data not
shown). The fact that ddFLN4 unfolds through an obligate
intermediate that is significantly more stable than the
SBM predicts, suggests that ddFLN4 has some heterogene-
ity that is not captured in the homogeneous SBM.
Consistent with experiments, the SBM predicts that the
immunoglobulin topology of ddFLN4 allows for at least
two intermediate states, I1 and I2, that could be stabilized
given the appropriate contact heterogeneity. It is likely
that strands A and B are relatively less stable in ddFLN4,
causing it to unfold through I2. Titin, which has a similar
immunoglobulin fold, unfolds through I1 (44). It must be
pointed out that getting the details of the unfolding mecha-
nism can be very important to the quantitative agreement
between simulation and experiment because DXz is sensitive
to the unfolding route and t(F) is exponentially dependent
on DXz. Unfolding through I2 corresponds to shearing inter-
nal b-sheet hydrogen bonds, which likely leads to a shorter
DXz than unfolding through I1. Here we have employed
structure-based models to probe global features of an immu-
noglobulin fold, e.g., different force regimes, but without
tuning the ‘‘devilish details’’, the model may fail to capture
specific quantitative details of the experimental measure-
ments (45). In addition, unlike our robust unfolding
mechanism, on a landscape that has multiple kinetically
accessible intermediates, force could lead to changes in
unfolding pathway and indeed, this has been seen by other
investigators (46,47).DISCUSSION AND CONCLUSIONS
Investigation of the full range of pulling forces in an all-
atom SBM of ddFLN4, an immunoglobulin-like domain
of filamin, showed three regimes in the force-dependent un-
folding time t(F): 1), a low-force regime insensitive to
force, 2), an intermediate-force regime roughly exponen-
tially dependent of force, and 3), a barrierless high-force
regime. Through comparison with the detailed force-depen-
dent free energy landscapes available from simulations, the
behaviors in the three force regimes were explained. Our
analysis shows how the kinetic behavior, which is easily
observed in pulling experiments, is related to the underlying
thermodynamics of the system.
The insensitivity of t to force in the low-force regime is
likely a general feature for globular proteins that have distal
termini. At low forces, the one-dimensional projection of the
free energy along X does not account for the true barrier,
because the protein explores a barrier that lies predominantly
along a many-body coordinate like Q. This means that
extrapolating free-energy landscape parameters calculated
in the intermediate-force regime to zero force can lead to
overestimates (Table 1). We note that the proteins that have
been investigated in pulling simulations all have distal
termini, ddFLN4, titin (17,18), ubiquitin (10), and proteinG (11,42). Molecules that have proximate termini in the
native configuration, e.g., riboswitches (48) or RNA hairpins
(49), have been seen to be sensitive at <10 pN force. These
geometries provide less entropic penalty towards expansion
and thus the extrapolation to zero force from intermediate
force can be more accurate. For an ideal polymer chain,
this entropic penalty can be overcome immediately by small
force if the initial end-to-end distance is zero (see Section S2
in the SupportingMaterial). Interestingly, a study of different
attachment points in ubiquitin found that the pair providing
the best extrapolation to zero forcewas the pair that was close
in the native configuration (10).
The position of the TSE is seen to strongly vary with
increasing force, from Q ¼ 0.33 to 0.61 before the barrier
vanishes above FH. The force-dependent TSE (FD-TSE)
of titin has been experimentally characterized through mu-
tation in a similar manner to f-value analysis of the dena-
turant-dependent TSE (f-TSE) (44). This study concluded
that the FD-TSE was significantly different from and more
nativelike than the f-TSE. This result is precisely what is
predicted from the comparison of unfolding mechanism
(which is mostly independent of force) with the moving po-
sition of the TSE (Fig. 5 and see Fig. S8). The residues
important in the FD-TSE, but completely absent from the
f-TSE, V13, and V86, are analogous to the interstrand A-
B and F-G interactions. The zero force TSE at Q ¼ 0.33
where the A-B and F-G interactions are completely gone
is analogous to the f-TSE. Under force, the TSE moves
to Q ¼ 0.61 where the A-B and F-G interactions are just
beginning to break. Furthermore, the important residues
for the f-TSE, I23, L58, L60, and F73, correspond to inter-
strand interactions B-E and C-F, exactly the interactions that
are starting to break at Q ¼ 0.33. Even though the dominant
folding route of ddFLN4 remains constant with force, the
movement of the TSE causes the residues involved in the
FD-TSE to differ from the f-TSE.
Free energy profiles along good reaction coordinates pro-
vide reliable measures of folding and unfolding kinetics if
the diffusion coefficient does not vary much along the reac-
tion coordinate. However, as has been demonstrated in the
literature (36,50–52), contributions from position-depen-
dent diffusion often provide important corrections to the ki-
netic interpretation of the free energy. In our study, the
barrier-limited component 1/a in unfolding time is on the
same order as the deterministic component t0 in the barrier-
less regime. This counterintuitive result may be caused by a
kinetic bottleneck due to internal friction. The diffusion
coefficient depends on the level of compactness; it signifi-
cantly increases from a compact state to an extended state
(36,50). Assuming a constant diffusion coefficient along
the reaction coordinate X  15Q cannot reproduce the
t(F) relation over the entire force range, which highlights
the importance of considering how diffusion changes
with protein extension and force (see Fig. S9). In Fig. 3,
X z 14 nm corresponds to the set of unfolded states atBiophysical Journal 107(12) 2950–2961
2960 Sun et al.5 pN, but to the set of partially unfolded states (similar to
the intermediate states) at 20 pN. Thus, at different forces,
the same value of X does not correspond to the same set
of microscopic conformations, likely causing an apparent
force-dependence of the diffusion coefficient. Finding the
position- and force-dependence of the diffusion coefficient
is beyond the scope of this study, but its importance
and quantification requires further investigation. Here, we
emphasize that even without considering diffusivity, there
is a correspondence between the changing slope of the
t(F) relation and the disappearance of the unfolding free
energy barrier at FH (Figs. 2, 6, and 7).
Until recently, the barrierless regime was impossible to
characterize experimentally due to the extremely fast time
resolution required. Rico et al. (53) used high-speed force
spectroscopy on the titin I91 domain to reach the micro-
second timescale. Our rollover in the logt(F) plot is analo-
gous to their data showing upturn in mean rupture force
versus log velocity. At their highest pulling speeds, the un-
folding time of titin was several microseconds. Comparison
between titin I91 and ddFLN4 is sensible, considering their
similarity in size and structure. At the highest forces we
studied, ddFLN4 approaches an unfolding time of ~10 ms.
Unsurprisingly, this timescale is also near the protein
folding speed limit for a 100-residue protein (54). The sim-
ilarity in timescales supports the calibration of time we sug-
gest here for the all-atom structure-based model. As faster
time resolution is applied at lower forces to characterize
the TSE, the importance of monitoring good reaction coor-
dinates will become paramount.SUPPORTING MATERIAL
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